It is not known if hyperuricemia is associated with early vascular changes signifying arteriosclerosis. We performed a cross sectional study of 163 young adults without metabolic syndrome in Allegheny County, PA, USA. Doppler ultrasound was used to measure two metrics of early arteriosclerosis: carotid artery dimensions and aortic pulse wave velocity. Individuals in the highest quartiles of serum uric acid (>6.2 mg/dL for men and >4.6 for women) were more likely to be of younger age, and to possess greater measures of adiposity and an adverse cardiovascular risk profile. Higher serum uric acid concentration was associated with larger luminal and adventitial diameters as well as changes in diameters between the phases of the cardiac cycle (P<0.001) but not with carotid intima media thickness, pulse wave velocity, or pressure strain modulus. In multivariable linear regression models where the effects of age, ethnicity, serum creatinine, systolic blood pressure, current alcohol use, body mass index and smoking status were accounted for, the highest quartile of serum uric acid was associated with greater luminal and adventitial diameters and change in luminal diameter between the phases of cardiac cycle (P<0.05), but not with pulse wave velocity, pressure strain modulus or carotid intima media thickness. We can conclude that hyperuricemia is associated with larger carotid artery diameters signifying an early adaptive response to vascular stress. This has implications on the observed link between hyperuricemia and hypertension.
Introduction
Numerous epidemiological studies have reported that hyperuricemia is a risk factor for hypertension suggesting a causal role. [1] [2] [3] [4] Uric acid induces vascular smooth muscle cell proliferation and in rat models of hypertension, treatment with allopurinol has a beneficial effect on vascular remodeling. 5 On the other hand, skeptics argue that these observations merely reflect confounding by various comorbid conditions such as insulin resistance and subclinical renal disease. 6 If the link between hyperuricemia and hypertension is indeed causal, one would be able to document that hyperuricemia is associated with morphological and functional consequences of subclinical vascular disease, independent of other risk factors. Previous studies that addressed this question included relatively older subjects who had hypertension and/or metabolic syndrome. [7] [8] [9] [10] [11] Thus the relationship between abnormal carotid measures and uric acid has not been very clear and has been understudied in younger populations. We theorize that if the uric acid-atherosclerosis link were real, early vascular changes will be evident in young individuals who do not have hypertension and metabolic syndrome. In this study we tested the hypothesis that hyperuricemia is associated with carotid artery changes suggesting early vascular disease in a community-drawn sample of non-diseased young adult volunteers in Allegheny county, Pennsylvania, USA.
Materials and Methods

Study design and subjects
This study utilized a subset of the baseline data from a 2 year longitudinal observational study based at the Graduate School of Public Health, University of Pittsburgh. The institutional review board of the University of Pittsburgh approved this study. Individuals aged 20-40 years, of either sex or any race-ethnic category residing in Allegheny county PA were invited to be a part of this study by means of newspaper advertisements, mailed flyers, and automatic voice messages through the University of Pittsburgh voice mail messaging system. The exclusion criteria applied for this study were: i) history of any cardiovascular disease or systemic lupus erythematosus; ii) use of cardiovascular medications (anti diabetic, antihypertensive, antilipemic) and iii) thyroid related medications. Of the 207 individuals enrolled in the study, additional exclusions were performed for the presence of ATP-III defined metabolic syndrome, 12 and for missing data on either uric acid or vascular measures, leaving 163 individuals for the present analyses.
Clinical and laboratory measures
Age, history of smoking (defined as everversus never-smoking), and highest education level achieved were assessed by questionnaire. Physical activity was measured by Godin score of leisure-time activity questionnaire. 13 In addition to supine blood pressure measurements, 3 consecutive, seated, heart rate and blood pressure measurements were taken at the ultrasound examination, after 5 minutes of rest, with a standard mercury sphygmomanometer and cuff sizes according to the manufacturer's recommendations. Staff members who performed the seated blood pressure measurements had been certified by a standard clinic protocol. The first measurement was discarded, and the second and third measurements were averaged. Seated blood pressure variables included systolic (SBP) and diastolic blood pressure (DBP), pulse pressure (PP, calculated as SBP-DBP), and mean arterial pressure [MAP, calculated as DBP+1/3 (PP)]. Two measurements of weight, waist circumference, and hip circumference were assessed with a standard scale or tape measure and averaged. Body mass index was calculated by dividing the participant's weight in kilograms by the square of his/her height in meters (measured with a standard stadiometer). Total cholesterol, HDL cholesterol, LDL cholesterol, triglyceride, uric acid, serum creatinine and glucose values were determined after a 12-hour fast by standard laboratory procedures. Glomerular filtration rate was esti- 
Ultrasound measures and quality control
In this study we have used three broad categories of vascular measures. The first was the aortic pulse wave velocity (aPWV), an indirect measure of vascular stiffness. Next were arterial diameters measured during systole and diastole, as well as the change in arterial diameters across the cardiac cycle. The last measure we used was the anatomical measure of carotid vessel wall -intima-media thickness (IMT). All vascular studies were performed at the Ultrasound Research Laboratory of the University of Pittsburgh Graduate School of Public Health by trained technologists using standardized protocols. We have reported previously that vascular measurements performed at this laboratory, such as carotid IMT, aPWV, and plaques have excellent reproducibility. [15] [16] [17] Measures of vascular stiffness 15 The distance between the carotid and femoral sites was measured using a metal tape measure. Distance was calculated as carotid-femoral distance = [(suprasternal-umbilicus) + (umbilicus-femoral)] − (carotid-suprasternal). Three runs were performed for each participant, and the mean of waveforms from all usable runs was used in analyses. Data were scored using software developed by the Laboratory of Cardiovascular Science, Gerontology Research Center, National Institute on Aging, which averages the waveforms and determines the time from the R-wave to the foot of each waveform. The aPWV was calculated as the carotidfemoral distance divided by the time interval between carotid and femoral waveforms. A higher aPWV indicates stiffer vessels.
Carotid intima-media thickness and diameters
Carotid IMT was assessed by duplex scanning using a Toshiba SSA-270A scanner. Images were taken from the near and far walls of the distal common carotid artery (one centimeter proximal to the carotid bulb), the carotid bulb (the point at which the near and far walls of the common carotid artery were no longer parallel to the tip of the flow divider), and the first 1cm of the internal carotid artery (from the tip of the flow divider). Intimalmedial thickening measures were obtained by electronically tracing the lumen-intima interface and the media-adventitia interface across these segments; one measurement was generated for each pixel over the area, for a total of approximately 140 measures for each segment. The average, standard deviation, minimum and maximum values for these measures were recorded for all 8 locations. For analyses, the mean value of the average readings and that of the maximum readings at all 8 locations were used. For common carotid artery measurements, the left distal common carotid artery near and far walls were imaged, and lines were electronically drawn along a 1 cm segment of the lumen-intima interface and the mediaadventitia interface. The lumen diameter (intima-intima distance) was calculated directly from the imaged interfaces. Common carotid inter-adventitial diameter was calculated by the following equation: lumen diameter plus near wall thickness plus far wall thickness. Change in lumen diameter was calculated as percent change in diameter between systole and diastole.
Pressure strain modulus was defined as the pressure needed to increase the lumen diameter by 1%, with higher values reflecting stiffer vessels. This was calculated by the following formula:
Pressure strain modulus = where Dp is the pulse pressure recorded at the brachial artery, Dd is the difference between systolic and diastolic carotid artery lumen diameters and D is the average of these two diameters. 18 
Statistical analyses
All analyses were performed using STATA 9SE ® (College Station TX, USA). The vascular measures were normally distributed. We used ordinary least squared regressions to study the relationships between serum uric acid measurements and ultrasonographic measures, with and without adjustment for potential confounders. These potential confounders were age, gender, race, body mass index, serum creatinine and systolic blood pressure. Table 1 shows the characteristics of the 163 study participants. Participants with higher levels of serum uric acid were more likely to be male, of younger age, and to have larger body dimensions and an adverse cardiovascular risk profile. However, there were no significant differences among the increasing strata of serum uric acid in terms of measures of renal function, physical activity score, and total cholesterol. Carotid artery dimensions and hemodynamic measures by strata of serum uric acid are shown in Table 2 . Notably, higher levels of serum uric acid were associated with greater carotid artery luminal and adventitial diameters. There were no differences in other vascular measures by serum uric acid quartile. Table 3 presents the results for multivariate linear regressions for assessing serum uric acid as an independent correlate of each of the vascular measures. In these regressions, increasing serum uric acid was associated with larger luminal and adventitial diameters but not pulse wave velocity, pressure strain modulus or intima media thickness.
Results
Serum uric acid is known to vary systematically between races and genders and with increasing age. We performed tests for two way interactions between sex, race, age categories (<30/≥30 years) and uric acid and found no interactions.
Discussion
The current study demonstrates that higher uric acid levels are associated with larger carotid artery diameters in young adults at low risk of carotid artery dilatation. The change in diameter with phases of the cardiac cycle was lesser among those with higher concentrations of serum uric acid suggesting an early impairment. Hyperuricemia was not associated with other measures of vascular health such as aPWV and pressure strain modulus. These findings provide clues about the pathophysiological pathways that link hyperuricemia and vascular disease.
Larger luminal and adventitial carotid artery diameters are associated with adverse cardiovascular risk factor levels in young and middleaged adults, [19] [20] [21] and are also associated with an increased risk of coronary heart disease. In the Atherosclerosis Risk in Communities Study population, increased adventitial diameter was associated with prevalent coronary heart disease and incident cardiac events in both men and women, and the associations remained significant after adjustment for cardiovascular risk factors. 22 In the Rotterdam study, after adjustment for carotid IMT and cardiovascular risk factors, each SD higher baseline lumen diameter was associated with an 11% increase in risk of myocardial infarction. 23 Arteries that are highly dilated have a decreased capacity to enlarge in response to a stimulus, which may leave the arteries more vulnerable to damage from heightened risk factor levels and more susceptible to atherosclerosis progression.
Arteriosclerosis is a condition that is manifested by hardening of arteries and is often associated with, and precedes hypertension. Ultrasonography enables sophisticated evaluation of the function and structure of the carotid artery and provides critical insight into early changes that precede hypertension. All summary statistics presented are mean± (standard deviation) unless specified other-wise. *Age, sex, and race adjusted trend tested by ordinary least squares regression unless otherwise specified; **only adjusted for race and sex. (7) 13 (7) 11 ( Specifically, early atherosclerosis is manifested by dilatation of carotid artery, and this in turn is associated with plaque progression over time. 24 In this report we present, for the first time, evidence for a pathophysiological step that can explain the observed epidemiological link between hyperuricemia and hypertension. 3, 25 Individuals with hyperuricemia had wider carotid arteries that were less able to stretch during the cardiac cycle in response to the pressure wave, indicating a decreased compliance of the carotid artery. Such changes are indicative of vascular remodeling, a response to vascular damage, 26 and are also consistent with premature aging among those with hyperuricemia. 27 The lack of associations between uric acid and the arterial stiffness measures, aPWV and pressure strain modulus, could be due to the fact that these measures have more inherent error involved in their collection. This error can arise from the technician measured distances between carotid and femoral sites for the aPWV measurement, and from the variability of brachial artery blood pressure in the pressure strain modulus measurement. An alternative explanation could be that the carotid dilation seen in this young study population is very early on in the process of arteriosclerosis, such that it does not yet correspond to a level of arterial stiffening that is large enough to pick up with global stiffness measures. The most prominent factor for arterial stiffness is age: with increasing age, arteries become stiffer equally for men and women. With increasing age, the orderly structure of the elastic laminae is disturbed due to thinning and fracture of the elastic laminae, alterations that appear to be more pronounced in the central arteries than in the peripheral arteries. 28 It is likely that the young adults in this study have yet to experience significant structural changes in either central or peripheral arteries.
The increased carotid diameters seen in this study are instead likely caused by functional changes, perhaps due in part to the increased oxidative stress and impaired nitric oxide production that occur with hyperuricemia. [29] [30] [31] Another possible mechanism might be inflammation. [32] [33] [34] [35] [36] [37] 
Conclusions
Limitations of this study include the crosssectional design and relatively small size that precluded detection of smaller changes in pulse wave velocity. Measurement of vascular reactivity, if performed would have permitted a better documentation of the effect of hyperuricemia on vessel wall dynamics. Adiposity is a major determinant of several of the vascular measurements that we performed. The use of body mass index as a metric for adiposity is imprecise; however, re-analyses using waist circumference as the adiposity metric did not change the results. While our observations have established an association between wider arterial diameters and hyperuricemia, much more work remains to be done. Prior studies have hinted at a beneficial effect of urate lowering: 37-39 these need to be confirmed and extended to all urate lowering treatments. The relative significance of inhibition of XO compared to the purely uricosuric effect of probenecid remains a matter of great interest, as yet un-assessed in prospective studies. 
